We demonstrate a system for the phase-resolved epi-detection of coherent anti-Stokes Raman scattering (CARS) signals in highly scattering and/or thick samples. With this setup, we measure the complex vibrational responses of multiple components in a thick, highly-scattering pharmaceutical tablet in real time and verify that the epi-and forward-detected information are in very good agreement. Coherent anti-Stokes Raman scattering (CARS) has matured in recent years into an imaging and spectroscopy technique that is finding applications in a range of disciplines including biology [1] [2] [3] [4] , remote sensing [5, 6] , and pharmaceutics [7, 8] . The high spatial and spectral resolutions of CARS, combined with its capabilities for imaging in both transmission and reflection [9, 10] at speeds up to video rate [11] , have led to work specifically aimed at bringing down costs and complexity [12] to enable its use by non-specialists. However, this technique is not without problems. In particular, a strong, frequencyindependent non-resonant background interferes with the resonant signal of interest, reducing contrast and creating imaging and spectral artifacts that can be difficult to interpret. In order to remove, suppress, or extract this non-resonant background, a number of specialized methods have been developed that exploit polarization [9, 13, 14] , spectral [15] , time [16] [17] [18] , and/or phase [19] [20] [21] dependencies of the CARS process. This last feature is of particular interest because it can be used to determine the full complex vibrational response of an arbitrary sample [22] . We previously introduced a method known as vibrational phase contrast CARS (VPC-CARS) to measure the pure vibrational phase of a sample [23] , and used it to measure the full vibrational responses of multiple materials in both heterogeneous and homogeneous mixtures [24] . Heterodyne CARS measurements, in which an external local oscillator is interfered with the CARS emission, contain information about both the vibrational phase of the molecular oscillators and the relative local phases of the optical excitation fields. The local excitation phase is subject to disturbances from the variations in the relative phases of the pump, Stokes, and local oscillator beams, which can come from refractive index differences in the sample, interferometric instabilities, and field-of-view curvature resulting from dispersion in the focusing objective lens. To remove these effects a separate measurement is made in which only the local excitation phase is detected. The difference of the heterodyne and local excitation phases is the pure vibrational phase of the molecular oscillators. In previous experiments, heterodyne and local excitation phase measurements were performed in series on a pixel-by-pixel basis, with the local oscillator at nanowatt levels for the heterodyne process and at multi-millwatt powers for the local excitation phase detection. The exact power of the heterodyne local oscillator was a critical parameter for obtaining shot-noise-limited measurements [25] , and the local oscillator switching required a complicated set of electronics.
Coherent anti-Stokes Raman scattering (CARS) has matured in recent years into an imaging and spectroscopy technique that is finding applications in a range of disciplines including biology [1] [2] [3] [4] , remote sensing [5, 6] , and pharmaceutics [7, 8] . The high spatial and spectral resolutions of CARS, combined with its capabilities for imaging in both transmission and reflection [9, 10] at speeds up to video rate [11] , have led to work specifically aimed at bringing down costs and complexity [12] to enable its use by non-specialists. However, this technique is not without problems. In particular, a strong, frequencyindependent non-resonant background interferes with the resonant signal of interest, reducing contrast and creating imaging and spectral artifacts that can be difficult to interpret. In order to remove, suppress, or extract this non-resonant background, a number of specialized methods have been developed that exploit polarization [9, 13, 14] , spectral [15] , time [16] [17] [18] , and/or phase [19] [20] [21] dependencies of the CARS process. This last feature is of particular interest because it can be used to determine the full complex vibrational response of an arbitrary sample [22] .
We previously introduced a method known as vibrational phase contrast CARS (VPC-CARS) to measure the pure vibrational phase of a sample [23] , and used it to measure the full vibrational responses of multiple materials in both heterogeneous and homogeneous mixtures [24] . Heterodyne CARS measurements, in which an external local oscillator is interfered with the CARS emission, contain information about both the vibrational phase of the molecular oscillators and the relative local phases of the optical excitation fields. The local excitation phase is subject to disturbances from the variations in the relative phases of the pump, Stokes, and local oscillator beams, which can come from refractive index differences in the sample, interferometric instabilities, and field-of-view curvature resulting from dispersion in the focusing objective lens. To remove these effects a separate measurement is made in which only the local excitation phase is detected. The difference of the heterodyne and local excitation phases is the pure vibrational phase of the molecular oscillators. In previous experiments, heterodyne and local excitation phase measurements were performed in series on a pixel-by-pixel basis, with the local oscillator at nanowatt levels for the heterodyne process and at multi-millwatt powers for the local excitation phase detection. The exact power of the heterodyne local oscillator was a critical parameter for obtaining shot-noise-limited measurements [25] , and the local oscillator switching required a complicated set of electronics.
During recent experiments [26] inspired by the theoretical work of Rahav and Mukamel [27] , we noticed that we could readily extract the amplitudes and phases of vibrational resonances using a high-power local oscillator and simple 50-Ω-terminated photodiode detector. This realization has enabled us to simplify the optics and electronics of our setup. In this work, we perform heterodyne and local excitation phase CARS measurements simultaneously by setting all of the input fields, including the local oscillator, to tens of milliwatts average power. By increasing the modulation frequency to the megahertz region, we ensure that our detection is shot-noise-limited. This modality for excitation and detection is analogous to that used in stimulated Raman scattering microscopy experiments [28, 29] .
The optical setup is shown in Fig. 1 . Part of the output of a mode-locked Nd:YVO 4 laser (Coherent, Paladin), operating at 80 MHz and emitting 20-ps pulses at 1064 nm, is partially frequency-doubled to 532 nm. The residual laser fundamental is passed through an acousto-optic modulator (AOM) driven at a nominal center frequency of 85 MHz to create 5-MHz frequency sidebands. About 4 W of 532-nm light is directed into a commercial optical parametric oscillator (OPO) (APE Berlin, Levante Emerald). The resulting signal (≈810 nm) and idler (≈1550 nm) beams are spatially and temporally overlapped with the modulated laser fundamental and directed into an inverted laser scanning microscope (Olympus, IX71/ FV300). The beams are transmitted through a 20%R/80% T broadband beamsplitter and a long-pass 775-nm dichroic beamsplitter before being collinearly focused into the sample by an IR-corrected 60X 1.2NA water immersion objective (Olympus, UPLSAPO).
Three separate CARS pathways are activated by this combination of fields, two of which create degenerate emissions around 650 nm [the local phase pathways, Figs. 2(a) and 2(b)], and one of which generates the heterodyne phase and results in an anti-Stokes emission at exactly the OPO signal wavelength [ Fig. 2(c) ]. The backscattered local phase CARS signal is reflected off of the dichroic beamsplitter, spectrally cleaned with bandpass interference filters (Chroma, HQ660/40), and detected on a photomultipler tube (Hamamatsu, R3896). The backscattered heterodyne output is partially reflected off of the broadband 20%R/80%T beamsplitter, passed through a set of short-pass filters (Semrock, HQ1000SP) to remove the laser fundamental, and detected on a large-area, reverse-biased silicon photodiode (ThorLabs, FDS100, −60 V bias) located at a conjugate focal plane of the objective. The outputs from the detectors are boosted by low-noise amplifiers and sent to highfrequency lock-in amplifiers (Zurich Instruments, HF2LI) set to demodulate the second harmonic of the difference frequency between the laser repetition rate and the AOM driving frequency (approximately 10 MHz). The X-and Y-outputs of each of these lock-ins are then used to calculate the amplitude and phase of the CARS response at each point in the sample. The maximum average optical power on the sample is about 200 mW. To detect the transmitted VPC-CARS signals, we include a 60X 1.0NA water dipping collection objective (Olympus, LUMPLFLN 60XW), a 770-nm short-pass dichroic beamsplitter, and similar filters and detectors to those in the backscattered path.
To demonstrate the compatibility of the forward-and epi-detected VPC-CARS signals, we use a thin, scattering sample consisting of pure tristearin, a waxy solid triglyceride. Forward-and backward-scattered CARS signals are recorded simultaneously, and the amplitudes and vibrational phases in each direction are calculated in real time. We find that the normalized amplitudes and vibrational phases agree very well between the forward and epi detectors, shown in Figs. 3(a) and 3(b), respectively. Small oscillations are the result of interference from the broadband beamsplitter, and disappear from the forward-detected VPC-CARS signal when the beamsplitter is removed. The full complex responses in the two directions [ Fig. 3(c) ] also agree very well, with only a slight deviation in amplitude at the 2845 cm −1 peak (the loop at bottom-right from the origin). We removed the collection objective to ensure that the epi-detected CARS field was not merely a reflected forward-generated field; no change was observed in the resulting epi-detected signal. However, this result does not preclude forwardgenerated light being scattered by the tristearin itself, which we believe forms a large component of the overall signal we record [30] .
Having verified that the VPC-CARS information from the forward and backward detectors is comparable, we proceed to show the capabilities of this system on a pharmaceutical tablet, a spatially and spectrally very complicated sample. Individual particles range in size from sub-micron to tens of microns across, and are composed of three compounds: the active pharmaceutical ingredient diprophylline, the binding matrix triglyceride Fig. 2 . Three individual CARS pathways that are detected. Pathways (a) and (b) interfere at the PMT and are used to measure the local phase, while path (c) yields the heterodyne amplitude and phase. Note that all input beams are always at high (>10 mW) power, and that all three processes occur simultaneously. Fig. 3 . Comparison of forward-(blue) and epi-detected (green) VPC-CARS spectra for a sample of tristearin. Shown are the (a) heterodyne amplitude, (b) vibrational phase, and (c) complex plane representation of the spectra. Because the phase is defined to be negative, the vibrational response sits entirely in the lower half of the complex plane. tristearin, and the β form of the sugar alcohol mannitol. These components were mixed in ratios of 1∶2∶1, respectively, and compacted in a tablet press to form a 7-mmthick tablet. The high-frequency alkyl regions of the spontaneous Raman spectra of the three individual compounds are shown in Fig. 4 . We note that diprophylline and mannitol are known to exhibit variations in their vibrational spectra as functions of crystal orientation [31, 32] , and we have selected a region of the sample to image that contains few of these variations.
From the Raman spectra, we identify two frequencies at which the amplitudes and phases of the various compounds will be widely separated. The symmetric CH 2 band at around 2850 cm −1 is particularly prominent in tristearin, but yields weak responses in diprophylline and mannitol. Note that the ratio of this 2850 cm −1 peak to the 2880 cm −1 peak is quite different in CARS [ Figure 3(a) ] and spontaneous Raman (Fig. 4) . While the CARS amplitudes of diprophylline and mannitol are similar at 2850 cm −1 [ Fig. 5(a) ], the small diprophylline resonance adds a phase differential, shown in Fig. 5(b) , that can be exploited to distinguish the two compounds. However, plotting the full complex response in a Cartesian density plot [ Fig. 5(c) ] does not reveal the small resonance of diprophylline. Various other CH, CH 2 , and CH 3 modes generate a complicated and rapidlychanging spectrum above 2900 cm −1 , and we choose to image at 2955 cm −1 because the amplitudes [ Fig. 5(d) ] and phases [ Fig. 5(e) ] both differ significantly between the three compounds. The complex plane density plot [ Fig. 5(f) ] contains three regions of high concentration, corresponding to each of the three compounds.
In conclusion, we have constructed and applied epidetection in a vibrational phase contrast CARS setup. The use of a high-power local oscillator simplifies both the electronic and optical components, and allows phaseresolved microscopy and spectroscopy near the shotnoise limit without the need for careful tuning of the local oscillator intensity [25, 33] . The vibrational phases measured in the forward and backward directions are found to be identical, and we have imaged and distinguished between three compounds on the surface of a thick, highly scattering pharmaceutical tablet. These advances open the door to imaging a much wider range of samples than was previously possible. The critical limitation is the broadband beamsplitter, which reduces peak optical power at the sample by 20%, creating a corresponding decrease in CARS output of about 30%; the total heterodyne signal detected on the epi photodiode is therefore an order of magnitude smaller than would otherwise be available. Improving on this method for detecting the heterodyne channel would be a substantial benefit.
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